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ABSTRACT 
Objectives: To test and compare the effects of thermocycling, different bilayer material 
combinations, and different core/veneer material combinations on shear bond strength, 
flexural strength, and failure load of different dental restorative materials. 
Methods: In this in-vitro study, 369 specimens were prepared from four materials; PEEK 
(Juvora), Vita Enamic, MarkII, and InCoris (Sirona). 144 specimens were divided into 12 
groups and sectioned into plates (frameworks) and rods (veneers) for shear bond strength 
test. The final dimension of each plate was about 18mm in length, 2mm thick, and 12mm 
in width. While the rods were core drilled to have a final diameter of 3.48mm. All plates 
and rods underwent surface treatment before bonding with adhesive resin (3M RelyX 
Ultimate), half of the specimens were thermal aged with 5,000 cycles before shear bond 
strength test was performed on all specimens. 225 specimens were sectioned into bars for 
X 
bilayer flexural strength test and load to failure analysis. The final dimension of the bars 
were 18mm in length, 2mm thickness and 4mm width, bars were assigned into groups of 
tension materials and compression materials to be bonded together as a bilayer bar 
structure. Half of the bilayer bars underwent thermal aging. All bilayer and monolayer bars 
were tested for flexural strength, load to failures values were also analyzed as well as the 
mode of failures. 
Results: The results of this study show that Enamic groups (EN/MKII) showed the highest 
shear bond strength (SBS) followed by Zirconia groups (Zr/En, Zr/MKII). PEEK groups 
show the lowest SBS values among the tested groups. Thermal aging did not affect SBS 
specimens except for Zr/En group where it decreases the SBS values. There was a 
significant difference in bilayer flexural strength and failure loads of Zirconia groups 
(Zr/En, Zr/MKII) were higher than other groups. PEEK groups (PEEK/EN, PEEK/MKII, 
PEEK/Zr) showed the lowest FS bilayer and load to failure values. 
Conclusion: SBS to PEEK was lower as compared to the other tested groups. Materials in 
tension and the adhesive interface layer significantly impact the bilayer flexural strength 
and failure load values. 
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Chapter 1. INTRODUCTION 
All-ceramic restorations are a common treatment choice, mainly due to structural 
and esthetic features associated with improvements in material properties and 
manufacturing technologies that allow monolithic and multilayer high-crystalline ceramic 
restorations.1  Compared to metal-ceramic products, All-ceramic restorations may exhibit 
superior mimicry of the dentitions. Bilayer-structured restorations were designed to 
increase strength.2 
Since the emergence of CAD-CAM technology in dentistry, the use of all-ceramic 
restorations has increased. Ceramic structures with a high crystalline content exhibit strong 
resistance to fracturing but are extremely opaque. Then the frame material should be 
veneered with porcelain to achieve a natural-looking restoration, which provides better 
esthetics.3 Clinical studies, however, have revealed ceramic restorations experiencing 
porcelain chipping, cracking, or delamination.4,5 Veneering porcelain failure is a problem 
often concerned with the thermal and mechanical properties of the ceramics and the 
geometry and restoration measurements.5 
In addition to chipping porcelain, the bonding between the veneer and the core may 
be not strong enough, with consequent delamination potential, relative to the toughness of 
the constituent material layers.6 The material under tension, the thermal and mechanical 
interactions between ceramic layers, the nature of the restoration and the bonding to a 
substrate can affect the resistance of fractures and the mode of failure of multilayer 
structures. Furthermore, compression forces may produce tensile stresses in the 
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restoration intaglio surface, which correlates to the origin of the fracture of clinically failed 
crowns.5 
Commonly used for dental crowns and fixed partial dentures (FPDs), bilayer 
ceramics can withstand relatively high global residual compressive stresses inside the 
surface of the veneer. Compressive stresses may arise from differences between the core 
and veneer ceramics in the coefficient of thermal expansion, and differences between the 
two layers in elastic-viscoelastic behavior.7 
Therefore, an important goal is the development of material, design, and processing 
solutions to optimize residual stress states within core/veneer-ceramic systems with the 
general objective of reducing the incidence of fatigue-related fracture events. Traditionally, 
Y-TZP cores are milled before manual application of an aesthetic veneer-ceramic in either 
partially or fully sintered state by conventional powder condensation and sintering path.8 
Commercial Computer-Aided Design / Computer-Aided Manufacture (CAD / CAM) 
systems have been implemented for the operator variability associated with veneer-ceramic 
manual application / condensation, creating both core and veneer layers individually, a 
technique called as Rapid Layer Manufacture (RLM).9 The assembly of the RLM frame 
and veneer was carried out by means of pressure and again by means of a vibration system 
enabling the fusion glass ceramic mass (flowable)10 or the resin cement to be processed at 
the interface between the two layers.9,10 This approach has a number of benefits, including 
a reduced need to match the coefficients of thermal expansion of the different components 




The stresses resulting from resin-cement volume shrinkage would be found to be 
negligible by the use of a resin-cement interface adhesive regarding thermal stress applied 
by traditional Y-TZP/veneer ceramic systems.11 Furthermore, it was suggested that a thin 
intermediary resin cement layer ought to be present, which would prohibit delamination by 
internal blocks to crack continuity across and between layers at the interface.12 It was also 
shown that resin cements interact strongly with veneer-ceramic surface defects, which 
could confer strengthening of the structure being tested.13  
However, it is also essential to mention how strength is limited by the ranges of 
defects in the material; the strength of the bilayer structure is influenced by the thermal 
stresses and interface variations. Although the contribution of individual components is 
extremely complex, the combined effect can indirectly be calculated by measuring stress 
differences required for fracture in veneer-ceramic layer areas with presence of variables 
of strength modifications.8 
Multiple veneers and core dental materials combinations were used in this study as 
a bilayer structure system, so it is essential to review those materials used in this study. 
1.1 PEEK: 
 
Polyetheretherketone (PEEK) is used in number of dental applications, including 
dental prothesis, implants, splints, abutments, provisional restorations, and removable 
prosthesis. Due to its mechanical properties (flexural strength ~165MPa, Young modules 
~3.5GPa) the thermoplastic material can be applied unfilled. Improved properties are 
obtained with the addition of filler elements, such as glass or silicate. In theory, PEEK can 
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be shaped in a thermopressing processes (e.g. BioHPP, Bredent, G) or milled using CAD / 
CAM techniques (e.g. Juvora dental disks, Juvora, UK).14 
It was fabricated in 1978 by a group of English researchers. PEEK was later 
commercialized for industrial use. By the end of the 1990s, PEEK became a significant 
high-performance thermoplastic candidate for metal implant substitution in vertebral 
surgery as a material for the interbody fusion ring. This new composite material was used 
in artificial hip joints for the reconstruction of fractures and femoral prothesis, as the carbon 
fiber reinforced PEEK (CF/PEEK) was introduced.15 
PEEK is used in numerous medical applications because of its excellence in 
chemical, mechanical and thermal properties. Its high strength combined with enough 
friction and grinding properties are demonstrated. PEEK is used for dentistry in interim 
abutments, bars, clamping and dental implants. PEEK blanks have an opaque grayish-
brown or pearl-white color and are unsuccessful, especially for anterior region, to restore 
monolithic esthetic properties. Veneer bonding with resin to PEEK, though, is also a 
problem because of the chemical composition of PEEK.16 
PEEK is a thermoplastic polymer material with superior mechanical and physical 
properties, where their hardness is M99 (Rockwell scale)17, glass transition temperature of 
approximate 143 °C (289 °F) and has a melting temperature point around 343 °C 
(662 °F)18. Furthermore, their chemical inertness, low surface energy and surface 
modification resistance has found it challenging to connect material to high-performance 
polymer "HPP" (PEEK) which at least partially explain why HPPs have not yet been used 
widely in restorative dentistry. Changes to HPP surface properties are becoming a point of 
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research to increase the HPP-free surface energy and hence the performance of the HPP 
adhesion.19 
There are two types of surface treatment which are highly regarded: mechanical 
and chemical. Abrasion, laser and plasma treatments of the airborne particles (silica or 
aluminum oxide), and bur grinding are mechanical methods. Sulfuric acid (98% H2SO4) 
etching and Piranha solution etching (H2SO4 and H2O2) are chemical treatment options for 
PEEK, while the adhesive primers such as Visio.link® (Bredent, Senden, GE) and Signum 
PEEK Bond® (Heraeus Kulzer, Hanau, GE) are available. Surface treatments, especially 
chemical etching and mechanical roughness induction are believed to improve material 
adhesiveness by diversifying functional classes. It has been shown that sulfuric acid 
increases the surface porosity and permeability, thereby promoting mechanical bonding 
without forming a resin tag. In comparison, plasma treatment increases wettability and thus 
improves the efficiency of HPPs with resin materials for bond strength.20 
In contrast to traditional fixed dentures, CAD-CAM composites and fixed dentures 
made from polymethylmethacrylate (PMMA) have better mechanical properties.21 Another 
material that can be used for CAD-CAM materials as an alternative to PMMA is PEEK. 
Three-unit PEEK fixed partial dentures developed by CAD-CAM have been suggested to 
have a higher resistance to fracture than pressed PEEK granular or pellet-shaped PEEK 
dentures. Fixed dentures in CAD-CAM PEEK are much more resistant to fracture than in 
glass-ceramic lithium disilicate (950N), alumina (851N), zirconia (981-1331N).22 
Knowing that PEEK is a desirable material for the manufacture of fixed and flexible 
CAD-CAM prosthesis due to its superior mechanical properties relative to acrylic 
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materials; exploring this promising material and possible modifications for further dental 
applications requires further research and clinical trials.22 
 
1.2 Enamic:  
 
CAD / CAM (Computer Assisted Design / Computer Assisted Manufacturing) 
restoration materials are commonly used for glass matrix ceramics and resin composites 
due to improved mechanical and optical properties.23 These restorations have many 
benefits, including the appearance of nature, biocompatibility, wear resistance, and 
stability of color. Their disadvantages, however, include brittleness and abrasion, 
particularly of glass or feldspathic ceramics, susceptibility to fracture, causing excessive 
wear due to hardness to oppose dentition.24 Resin composites can experience wear, lack of 
surface polish and color stability.25 In order to improve the efficiency of restorative 
materials, a manufacturer fused ceramics and resin composites into one single material. 
This reality seems to be a strong solution to the long-term esthetic sustainability of 
ceramics associating the resin composite elastic module, which is similar to dentin. In order 
to overcome the unfavorable properties of glass matrix ceramics and resin composites, new 
restorative materials called polymer-infiltrated ceramics and nano-ceramic resins have 
been developed for use with CAD/CAM systems.26 The VITA Enamic and Lava Ultimate 
are examples of this material type.  
The PICN-material is a polymer-infiltrated structure with a ceramic sintered matrix. 
The ceramic infiltrated with polymer was designed to combine the advantages of both 
ceramic and composite material. It contains 86 percent silicate ceramic, and 14 percent 
polymer, according to the manufacturer. In early 2013, Enamic, the resin-composite 
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material of VITA (VITA Zahnfabrik, Bad Säckingen, Germany) was introduced by a 
monomer mixture of the pre-sintered ceramic framework.25 A component of ceramic (75 
percent by volume) and a component of polymer (25 percent by volume) make up VITA 
Enamic. Its ceramic phase contains 23% Al2O3 and urethane dimethacrylate (UDMA) and 
TEGDMA are included in the polymer portion. It is formed by penetration into polymer 
via the presintered ceramic process using capillary infilteration.26 
Due to a comparatively high amount of Al2O3, VITA Enamic has been reported to 
have a lower translucency compared to Lava Ultimate and glass-matrix ceramics, so it is 
suggested to be used for minimal invasive restorations, inlays, onlays and posterior 
crowns.26 
The flexural strength values of PICN (Vita Enamic: 180.9 MPa) are similar to those 
obtained by a nanoceramic resin (Lava Ultimate: 164.3 MPa), according to the flexural 
strength values of Albero et al. PICN, however, showed lower values compared to glass-
ceramic lithium disilicate (IPS e.max: 271.6 MPa) and higher values than feldspathic 
porcelain (Mark II: 137.8 MPa).27 
The success of indirect restorations depends on the substance's adhesion to the 
tooth's surface. The surface treatment method suggested by the PICN maker is etching for 
60 seconds with conventional 5 percent hydrofluoric acid. Hu et al. found that PICN had 
comparable results with feldspathic porcelain (Vita Mark II) in the application of shear 
bond strength test when comparing PICN's bond strength with other restorative materials.27 
Flury et al.28 tested the bond strength with dentin of 2 hybrid materials (PICN and 
nanoceramic resin) using five resin cements following 24 hours and 6 months of storage: 
RelyX Ultimate, Variolink II, Allcem, Ketac Cem Plus and Panavia F2.0. The bond 
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strength was greater when Relyx Ultimate cemented the nanoceramic resin, and RelyX 
Ultimate and Variolink II cemented the polymer infiltrated material.28 
Some studies have equated the newly introduced ceramics, composites and other 
polymers with this material. The values of PICN properties vary widely between studies 
and methodologies. Nonetheless, it may lead to certain conclusions, the mechanical 
strength of PICN is greater than feldspar porcelain. The literature also emphasizes that the 
indentation strength of PICN is lower than that of most ceramics. The findings show a 
highly resistant material for low load fatigue (up to 200 N, similar to physiological 
conditions). The load increase (above 500 N) appears to preference other materials such as 
ceramic glass disilicate lithium or polycrystalline zirconia. As for this material's surface 
treatment, further research is required to show which is the best and most reliable of these.28 
 
1.3 Mark II/Triluxe: 
 
 Owing to its biocompatibility, adequate functional and aesthetic clinical results, 
Feldspar dental ceramics are used in many rehabilitation treatments.29 A ceramic block of 
fine grains of feldspathic ceramics (Vita Mark I, Vita Zahnfabrik, Bad Sackingen, 
Germany) made the first CAD/CAM inlay in 1985. For hard machining the block was 
entirely sintered. A retrospective 10-year study has tested these CAD/CAM inlays and 
onlays for clinical effectiveness and obtained a success rate of 90.4 percent. After 2 years, 




The 1991 Vita Mark 2 (Vita Zahnfabrik, Bad Sackingen, Germany) was specially 
introduced to CEREC (Cèrec 1 – Siemens GmbH, Bensheim, Germany) in a glazed version 
of approximately 100 MPa30 to 160 MPa of recorded mechanical properties.31 Vitablocks 
Mark II is made from fine powders that make a ceramic almost pore-free, with fine crystals. 
This leads to improved polishability, reduced wear of the enamel and increased strength.31 
In clinical studies with Vita Mark II, there were survival rates in five years of 94.7%, in 
eight years of 90.6% and in ten years of 85.7%-89%.32  
The Vita Mark II is monochromatic but available in many shades. There are multi-
shade layers in the newer blocks of Vitablocs TriLuxe, Triluxe Forte and RealLife (Vita 
Zahnfabrik, Bad Sackingen, Germany), offering a color gradient and translucency.30 The 
optical properties of a natural tooth can be reproduced using Vitablocs TriLuxe, including 
translucency and color strength, which can enhance the incorporation of the restoration into 
the existing natural dentition.31 These feldspathic ceramic materials have excellent 
aesthetic properties and are recommended for use in the manufacture of  esthetic 
restoration, anterior and posterior crowns. Airborne particulate abrasion mixture (50 mm 
Al2O3), hydrofluoric Acid (HF) etching30 and the use of a silane to bond various materials 
can be used to connect feldspathic ceramics with teeth.33 
 
1.4 Zirconia InCoris Materials: 
 
 The literature identifies zirconia ceramic material as indications for both single and 
fixed dental protheses (FDP) regeneration.34 Several studies have shown that ceramics 
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based on zirconia can achieve better mechanical strength than felspathic lithium disilicates 
and leucite, particularly when posterior teeth are restored.35 
 Zirconia restorations are typically made with a presintered green body with a 
geometric increase of up to 20-30 per cent using subtractive computing-assisted 
design/computing-aided (CAD/CAM) technology. Subtractive production can be achieved 
either using carbide burs milling technology or using diamond-coated instruments with 
grinding technology. In dry and wet environments, all processing methods can be 
performed. Using CAM dry-milling production processes, most of today's zirconia 
restorations are made.36  
There are three crystallographic forms of zirconia: monoclinic from room 
temperature to 1170 °C, tetragonal from 1170 °C to 2370 °C and cubic from 2370 °C to the 
point of melting.34 A multi-phase matrix called partially stabilized zirconia (PSZ), with 
cubic crystals as the main phase and monoclinical and tetragonal crystals as the minor 
phases, is formed at room temperature with the addition of stabilizing oxides such as ceria 
(CeO2), magnesia (MgO) or yttria (Y2O3). A mono-phasic material consisting of only 
tetragonal crystals can also be formed, and the material is then called polycrystal tetragonal 
zirconia (TZP).30 
Porcelain fused to zirconia structures produced by CAD / CAM seems a promising 
choice in the clinic. There are, however, two alternatives that can prevent veneering 
porcelain from chipping. One is hybrid structured FDPs consisting of porcelain veneering 
parts manufactured by CAD / CAM that adhere to a zirconia framework manufactured by 
CAD / CAM. Another option is for FDPs with full-contour zirconia. These are promising 
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because digital procedures replace delicate manual porcelain jobs, but we do need longer 
clinical tests to show the utility of these new methods.34  
Mechanical and chemical retention are required to create a strong bond between a 
resin and a ceramic. Various surface treatments for resin bonding to zirconia have been 
suggested including sandblasting, tribochemical silica coating, hydrofluoric acid, and laser 
irradiation. However due to high crystalline content and lack of glassy phase, hydrofluoric 
acid etching does not result in satisfactory resin bond to zirconia.37  
Sandblasting provides a rough surface for mechanical retention by cement luting. 
Simultaneously, sandblasting increases the strength of the Y-TZP and may compromise 
the compressive stress layer and increase the propagation of cracks.37 To date, the 
recommended bonding approach to zirconia frameworks is the combination of sandblasting 
and 10-MDP monomer based resin. Nonetheless the outcome of this process can be 
influenced by variables such as particle size and application distance. In particular, 
excessive particle size and reduced application distance will contribute to the initiation of 
cracks, probably reducing ceramics' mechanical properties in the long term.35 
Inokoshi et al38 meta-analysis found that a mixture of mechanical and chemical 
pretreatments appeared to be necessary for lasting bonding, though cement selection was 
not disclosed as a deciding factor as long as composite lute cement was used. 
The following table summarize the materials used in this study, compositions, and 





Table 1: Summary of materials, compositions, and manufactures. 
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SiO2; 58-63%, Al2O3; 20-
23%, Na2O; 6-11%, K2O; 














56 - 64% SiO2, 20 - 23% 
Al2O3, 
6 - 9% Na2O, 6 - 8% K2O, 













ZrO2+HfO2+Y2O3 ≥ 99.0% 
Y2O3 > 4.5 - ≤ 6.0%, HfO2 
≤ 5% 







1.5 CAD/CAM Rapid Layer Technology: 
 
 The advent of computer-aided design / computer-aided manufacturing (CAD / 
CAM) technology has offered an alternative solution to firing protocol problem of veneers, 
allowing for the manufacture of the veneer layer without the need for a firing stage.43 A 
lithium disilicate machined veneer (e.max CAD; Ivoclar-Vivadent) was used in the first 
system to incorporate this technique and fused it with a low-fusing glass on the zirconia 
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coping, which had a low viscosity and firing temperature below the Tg of the veneering 
material.44 The so-called CAD-on technique was able to significantly reduce residual stress 
build-up, resulting in a longer restoration time, by improving the efficiency of the veneer 
layer (since slightly less pores and layering defects are found in the veneer) and 
compensating for the differences in thermal expansion coefficients between the two 
layers.45  
Another approach was developed by the VITA Zahnfabrik company, Rapid Layer 
Technology (RLT), using computer-aided design/computer-aided manufacturing 
(CAD/CAM) to create a veneer layer that is adhesively bonded to the zirconia frame. The 
benefit of this approach lies in the absence of the firing step, that eliminates the output of 
residual stress and decreases the processing time of the laboratory.43 Allegedly, the 
introduction of a resin-cement layer into the RLT process effectively deflects crack growth 
and prevents its spread through the interface.8 In addition, the lack of a high-temperature 
firing stage allows the use of CAD/CAM resin-based materials such as polymer-infiltrated 
reinforced glass networks (PIRGN) and pre-polymerized nano-particulate resin composites 
to be used, expanding the range of modern veneering technologies to be used in conjunction 
with more rigid, stronger ceramics like the zirconia.43 
 
1.6 Mechanical Properties: 
 
Each dental material has its indications and limitations. Much depends on its 
mechanical, physical, and optical characteristics (Table 2). For a given clinical scenario a 
clinician would consider these properties for order to make a right choice. 
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(Juvora) 26.1-28.5 4.0 2.7 170 0.36 
17,39,46 
Vita 
Enamic 2.5 30 1.5 150-160 0.2 
40,47 
Vita 





11.77 200-210 3.5-4.5 > 900 0.3 42,50,51 
 
1.6.1 Shear Bond Strength: 
 
 As part of dental research, adherence assessment is accomplished effectively only 
by bond strength testing.52 Two materials are joined by an adhesive agent in a shear bond 
test, then loaded in shear before fracture occurs.53 Because of their simplification, the shear 
bond strength test continues to remain one of the most common and versatile method used 
versus the tensile bond strength tests.54 The benefits of shear testing include ease of 
processing of specimens and a standard test protocol.54 A meta-analysis including its 
factors involved in bond strength testing showed the major impact of different parameters, 
including such dentin substratum, composite and bonding area, bond storage and test 
design conditions.53  
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Even though some studies claim that the bonding had exceeded the substrate 's 
cohesive strength without need for additional enhancement. The correct explanation here 
is that this test proved unsuitable for determining the appropriate strength of a bonded 
interface. The actual reason for this fact, according to Della Bona and van Noort, was that 
stresses were localized more in the substrate, causing its premature failure before the 
interface itself.54 
1.6.2 Flexural Strength: 
 
 Although no one property is being used to predict the clinical success or failure of 
a substance, parameters such as flexural strength, flexural modulus, and resilience module 
offer insight into the dynamic behavior of such materials under simulated occlusal stress. 
From the results of a 3-point flexural test, which exposes a specimen to a combination of 
tensile, compressive and shear stress, these parameters can all be determined. The 
measurement of flexural strength can be used to determine the resistance of a material to 
bending failure.55 
Because of its relatively simple specimen preparation technique, the Flexural test 
is the most common not only for dental ceramics but also for dental cement and polymers. 
The most widely used flexural tests are the 3-point and 4-point bending tests, that have a 
major drawback due to difficulties in preventing potential edge failures. Consequently, the 
flexural biaxial test is also used to assess the fracture properties of ceramic materials.56 The 
sample preparation also differentiates, as beam-shape specimens are required for the three-
point bending test, while the biaxial test is performed with specimens of the disk form.   
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The three-point bend test is a classical mechanics’ experiment used to calculate a 
material's young modulus in the form of a beam, flexural stress, flexural strain, and the 
flexural stress-strain response of the material. The sample length beam rests on two roller 
supports and at its middle is subject to a focused center loading pin (Figure 1). The highest 
stress determined at the specimen's breaking point indicates its flexural strength.57  
 




1.7 Statement of the problem 
 
 Many monolithic ceramic materials have excellent mechanical properties as well 
as other ceramics used as core materials, but most of them have some esthetic compromise 
to match with existing dentition of the patient. Veneering the frame material has achieve 
more natural-looking restoration, which provides better esthetics as a result. However, 
there are many problems associated with the veneering process, like porcelain chipping, 
cracking, or delamination. 
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The use of bilayer structure specially with the RLT technology allow the use of 
CAD/CAM fabricated core and veneer materials and bonded then using resin cement. By 
doing that we enhance the mechanical properties of both structures and have less thermal 
stress due to porcelain firing. When we use a resin based luting agent, no porcelain firing 
process needed in bonding the two structures. Evaluation of the flexural strength and 




 The purpose of this in-vitro study is to investigate the effect of different core and 
veneer combinations on the shear bond strength and flexural strength of the final restoration 
and the effect of thermal aging on the results of both tests. Also, to investigate the failure 












1.9  Objectives 
 
The Objective of this in-vitro study were to: 
1- Evaluate the effect of different core/veneer combinations on shear bond strength. 
2- Evaluate the effect of thermocycling on shear bond strength of different core/veneer 
combinations. 
3- Evaluate the effect of different bilayer material combination on the flexural strength 
and failure load 
4- Evaluate the effect of thermocycling on the flexural strength and failure load of 
different bilayer material combination. 
5- Evaluate the mode of failure of different bilayer material combination on flexural 












1.10 Null Hypotheses 
 
1- The use of different core/veneer combinations has no effect on shear bond strength 
of the final restoration. 
2- Thermocycling has no effect on shear bond strength of different core/veneer 
combinations. 
3- There is no effect of using different bilayer material combination on the flexural 
strength of the final restoration. 
4- Thermocycling of different bilayer material combinations have no effect on the 
flexural strength. 



















 The materials used in this study were as follows: 
1- Vita Enamic Universal Blocks, Vita Zahnfabrik. Bad Säckingen, Germany. 
Ref# EC42M2HTEM, Lot# 43002 
2- InCoris ZI meso F2 S, Dentsply-Sirona. Bensheim, Germany.  
Ref# 6231828, Lot# 2011070826 
3- Vita Mark II CEREC Blocks. Vita Zahnfabrik. Bad Säckingen, Germany. 
Ref# EC4A35C114, Lot# 61030 
4- Polyetheretherketone (PEEK-OPTIMA) JUVORA dental disc, Juvora Ltd, 
USA, Ref# 540106, Lot# M000825 
5- RelyX Ultimate Adhesive Resin Cement, 3M ESPE. Neuss-Germany.  
Ref# 50891, Lot# 5542490 
6- Scotchbond Universal Adhesive, 3M ESPE. Neuss-Germany.  
Ref# 41258, Lot# 90429A 
7- IPS Ceramic Etching Gel (5% hydrofluoric acid), Ivoclar Vivadent. Schaan, 





2.1.1 Initial testing for Adhesive agent selection: 
 
 In this study, four materials were used and assigned by groups as different 
framework and veneer combinations (Figure 2). Therefore, it was crucial to screen various 
adhesive systems and choose one adhesive system (cement/primer) for the primary study. 
All initial shear bond strength (SBS) testing was performed on PEEK frameworks. RelyX 
Ultimate (3M) and Panavia V5 (Kuraray) adhesive systems. There was no successful bond 
between PEEK frameworks and MKII and Enamic veneers, using Panavia V5 cement and 
CLEARFIL ceramic primer plus as one adhesive system; all specimens were debonded 
after curing. RelyX Ultimate resin cement was chosen to be used on all material groups. 
Three adhesive bonding agents were tested to select one of them for use in this study. All 
adhesive primers: Visio.link (Bredent, Senden, GE), Signum PEEK Bond (Heraeus Kulzer, 
Hanau, GE), and ScotchBond Univeral (3M ESPE. Neuss-Germany) were used with RelyX 
Ultimate resin cement on PEEK frameworks. The initial SBS results (Table 3) with 
PEEK/MKII showed no significant difference of shear bond strength (Figure 2) between 
the 3 adhesive agents; Scotchbond Universal recorded slightly higher SBS values (7.46 
MPa) than Visio.link (6.90 MPa), and comparable results with Signum (8.15 MPa). It was 
decided to use Scotchbond Universal adhesive agent on all groups for two reasons: the 
study design of using different frameworks other than PEEK in this study where 
Scotchbond universal showed good results with other CAD/CAM ceramic materials. 
Moreover, the use of one adhesive system (RelyX Ultimate resin cement and ScotchBond 






Table 3: Comparison of Shear bond strength (SBS) of 3 adhesive agents used  
 Shear Bond Strength (MPa) 
Primer N Mean Std Dev CV 
Scotchbond 12 7.430 1.886 25.39 
Signum 12 8.160 2.822 34.58 
Visiolink 8 6.905 3.258 47.18 
 
 







Specimens were divided into 29 groups and sample size was 12 for each group (Figure 3). 
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2.2.1 Specimen Preparation 
 
2.2.1.1 Shear bond test specimen preparation 
 
All shear bond test specimens were divided into different groups as framework 
analogs (plates) and veneers (rods) (Table 4). 
Table 4: Framework and veneer materials used in this study 
Framework materials (plates) Veneer Materials (rods) 
PEEK (Polyetheretherketone) Vita Enamic 
Vita Enamic Vita Mark II 




2.2.1.1.1 Frameworks specimen preparation: 
 
Framework materials were sawed into plate-shape specimens (2mm × 12mm × 
18mm) using a diamond saw (BUEHLER Isomet 5000 precision saw) with a blade speed 
of 2000 rpm, blade thickness of 0.5mm, under running water (Figure 4). Each specimen 
was polished on the edges to remove any sharp ends or irregularities after sectioning. 
Polishing was performed using 45- and 15-micron grit size sandpaper, sequentially; 
mounted on a polishing machine disc AutoMet250 (Buehler Ltd., Lake Bluff, IL, Figure 




Figure 4: Buehler, Isomet- 5000 precision sawing machine. 
 
 













The partially sintered zirconia block (inCoris ZI meso F2 S) was sectioned into 
plates (Figure 7) then all edges were polished using 15 micron sandpaper. Al plates were 
then fully sintered using a Vita ZYrcomat furnace (Figure 8) according to the classic Sirona 
sintering program for InCoris ZI (Table 5) (Figure 9).  
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Figure 6: Framework Enamic material  was sectioned into 2mm 
thickness plates (left picture), PEEK framework material plate after 




Figure 7: Pre-Sintering InCoris ZI plates. 
 
 







Figure 9: Post sintered InCoris ZI plates. 
   
 
2.2.1.1.2 Veneer specimen’s preparation: 
 
All veneer block materials were core drilled using core drill by PALMGREN 12” 
Drill Press (Prensa Taladradora 30.5cm) using Startlite 3/16 inch O.D. core drill bur 
(Figure 10) to have a rod shape specimen with diameter of 3.48mm (Figure 10). All excess 
sharp rod ends, and unparallel end surface were polished using a 240/P280 grit sandpaper. 
All Incoris ZI rods were fully sintered using a Vita Zyrcomat furnace (Figure 8) according 

















Figure 10: Palmgren Core drill 3.48mm diameter by 
Startlite 3/16 drill. 
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2.2.1.1.3 Bonding Framework and Veneer specimens: 
 
The PEEK and Zirconia material surfaces were airborne particle abraded with 50 
μm Al2O3 at a pressure of 2.5 bar and from a distance of 10 mm for 12 seconds 
perpendicular to the treated surface. The specimens were cleaned with distilled water for 
60 s and then dried with oil-free compressed air. Vita Enamic and Mark II materials were 
conditioned using 5 % hydrofluoric acid etch gel (VITA ADIVA® CERA-ETCH) for 60 
seconds then washed with distilled water for 20 seconds and dried with oil-free compressed 
air (Table 6). 
 
Table 6: Surface treatment for all framework and veneer materials before bonding. 
Framework materials 
(plates) Surface Treatment before bonding 
PEEK (Polyetheretherketone) Sandblast with 50 μm Al2O3 at a pressure of 2.5 bar 
Vita Enamic 5 % hydrofluoric acid gel for 60 seconds 
InCoris ZI meso Sandblast with 50 μm Al2O3 at a pressure of 2.5 bar 
Veneer Materials (rods) Surface Treatment before bonding 
Vita Enamic 5 % hydrofluoric acid gel for 60 seconds 
Vita Mark II 5 % hydrofluoric acid gel for 60 seconds 







All framework and veneer materials after surface treatment were primed with 
adhesive primer before bonding using Scotchbond agent (3M Scotchbond™ Universal 
Adhesive) (Figure 12). Following the manufacture instructions, adhesive was applied using 
a micro brush in the targeted bonded area, wait for 20 seconds then apply gentle pressure 
oil-free compressed air to spread the adhesive agent then light cured for 10 seconds using 








Figure 13: Bluephase 20i light cure unit (Ivoclar Vivadent, USA). 
 
 





In the last stage of specimen preparation, the framework plate was placed on a flat 
surface, then the adhesive resin cement (3M RelyX™ Ultimate) (Figure 14) was injected to 
fill the bonding area between the framework plate and veneer rod, the rod. The rod was 
bonded in the middle contact area of the framework plate. Excess cement was removed and 
the bonded framework/veneer was kept under a static load of 30 N (3kg) for 10 minutes in 
a cylindrical loading apparatus (Figure 15). While the specimen was under load, light 
curing for 3-4 seconds was performed using a Bluephase 20i light cure unit (Ivoclar 
Vivadent, USA), then excess cement was removed around the rod border by plastic 
instrument. Afterward, full cure for 20 seconds was applied using a Bluephase 20i light 
cure unit (Ivoclar Vivadent, USA) on High mode (Figure 13), and later (Figure 16) all 
specimens were placed in a 37-degree incubator (Precision Economy Incubator, Precision 
Scientific, 5EM model, USA) for 24 hours before shear bond testing was conducted. 
 
 





Figure 15: All framework plates and veneer rods were bonded; excess cement was 
removed and bonded. The specimens were kept under a static load of 30 N (3kg) for 

















Figure 16: Before and after bonding framework plate and veneer rod. 
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2.2.1.1.4 Thermocycling of Framework and Veneer specimens: 
 
All 6 groups after bonding were subjected to a thermal aging process; all specimens 
were packed in a mesh bag (Figure 18) divided into 6 chambers and then underwent 5000 
thermocycles (between 5 and 55°C) with a 30-second dwell time in each water bath by 
using a thermocycling test apparatus (Sabri Dental Enterprises, USA) (Figure 17) before 




Figure 18: All specimens were placed in a mesh bag during the thermocycling 
process (after thermocycling photo). 
Figure 17: Thermocycling test apparatus (Sabri Dental Enterprises, USA). 
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2.2.1.2 Shear Bond Test (SBS): 
 
In this study, 144 specimens were divided into twelve groups (n=12) according to 
framework/veneer material combinations, static or thermal aging process (Figure 3). Half 
of the specimens (72 samples) were allocated into six control groups where no thermal 
aging was done, while the other six groups (72 samples) were assigned to undergo thermal 
cycling process before shear bond testing.  
Shear bond test was performed on all static and thermocycled specimens’ groups 
by using the universal testing machine (Instron Model 5566A) (Figure 19) to perform the 
test at a crosshead speed of 0.5 mm/min with a 1 kN load cell. Specimens were placed in 
the shear bond testing fixture (Figure 20), the half round cut of the chisel blade was 
centrally positioned with a diameter of 4 mm and a 2 mm thick edge. The blade had a 
perpendicular contact at the interface between the veneering rod and underlying framework 
plate. A load was applied at the adhesive interface between the framework (plate) / veneer 
(rod) during the testing. The bond strength was calculated in MPa by dividing the load by 
the cross-sectional area of the bonded specimens. The maximum shear load was recorded 
at debonding (Figure 21). 
 




F=load at failure (Newton) 




























2.2.2.1 Flexural strength test specimen’s preparation: 
 
According to the study design, all flexural strength specimens were divided into 19 
groups (Figure 3) with 10 control groups and 9 thermal aging groups. All bilayer bar 




Table 7: All bi-layered bar specimens that will undergo flexural strength testing. 





1 Mark II / PEEK PEEK Mark II 
2 Enamic / PEEK PEEK Enamic 
3 Zirconia / PEEK PEEK Zirconia 
4 Enamic / Mark II Mark II Enamic 
5 Mark II / Enamic Enamic Mark II 
6 Enamic / Zirconia Zirconia Enamic 
7 Mark II / Zirconia Zirconia Mark II 
8 Enamic mono Enamic Enamic 
9 Mark II mono Mark II Mark II 
10 PEEK mono PEEK PEEK 
A total of 225 bar-shape specimens were fabricated with dimension of 2 mm 
(thickness), 4 mm (width) and 18 mm (length). All bar-shape Specimens were sectioned 
from different block materials by using a diamond saw (BUEHLER Isomet- 5000 precision 
saw) with a blade speed of 2000 rpm, blade thickness of 0.5mm, under running water 
(Figure 4). 
2.2.2.1.1 PEEK bar specimen’s preparation: 
One PEEK-OPTIMA (Polyetheretherketone) disc (JUVORA dental disc, Juvora 
Ltd, USA) with a dimension of 98 mm diameter × 22 mm thickness was sectioned into 4 
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pieces using a horizontal/vertical bandsaw (JET HVBS-56 5" × 6" Horizontal/Vertical 
Bandsaw, USA) (Figure 22), Then each piece was placed in a fixture and sectioned using 
a diamond saw (Isomet 5000) into plates with thickness of 2 mm, 12 mm width, and 18 
mm length (Figure 23). All plates were used to be bonded with other material 
combinations, except for the zirconia group; PEEK plates were sectioned into bars (Figure 
24) then bonded to the fully sintered zirconia bars. 
 






















2.2.2.1.2 Zirconia bar specimen’s preparation: 
 
 All zirconia blocks (InCoris ZI) were sectioned using a low speed diamond saw 
(ISOMET 11-1180 Low speed saw, BUEHLER LTD, USA) precisely cutting the partially 
sintered InCoris ZI block into bar-shaped specimens (Figure 25). All pre-sintered bars were 
polished with a 240/P280 grit sandpaper to remove any sharp edges. All bar specimens 
were then fully sintered using a Vita Zyrcomat furnace (Figure 8) according to the classic 
Sirona sintering program for InCoris ZI (Table 5). The final bar dimension after sintering 








Figure 26: Final zirconia bars after sintering. 
 
 
2.2.2.1.3 Enamic and Mark II bar specimen’s preparation: 
 
 Both Enamic and Mark II block materials were sectioned into plates using a 
diamond saw (BUEHLER Isomet 5000 precision saw) with a blade speed of 2000 rpm, 
blade thickness of 0.5mm under running water (Figure 4). The plates have a dimension of 
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2 mm thickness, 12 mm width and 17 mm length (Figure 27). For Enamic and Mark II only 
groups, each block was sectioned using a diamond saw into bars with dimension of 4 mm 













2.2.2.1.4 Bonding Bilayer structures: 
 
The PEEK (plates and bars) and zirconia bar specimens were airborne particle 
abraded with 50 μm Al2O3 at a pressure of 2.5 bar (Renvert basic quattro IS, USA) and 
from a distance of 10 mm for 12 seconds perpendicular to the treated surface. The 
specimens were cleaned with distilled water for 60 seconds and then dried with oil-free 
compressed air. Vita Enamic and Mark II plates were conditioned using 5 % hydrofluoric 
acid etch gel (VITA ADIVA® CERA-ETCH) for 60 seconds and then washed with 
distilled water for 20 seconds and dried with oil-free compressed air (Table 6). All 
specimens after surface treatment were primed with adhesive primer before bonding using 
Scotchbond agent (3M Scotchbond™ Universal Adhesive). Application was performed 





using a micro brush in the targeted bonded area, waiting for 20 seconds then applying a 
gentle pressure oil-free compressed air to spread the adhesive agent (Figure 28) then light 
cured for 10 seconds using a Bluephase 20i light cure unit (Ivoclar, Vivadent, USA) (Figure 
12). Hand-made jigs were fabricated to hold the bonded two plates in place (Figure 29). 
Other jigs also were fabricated to hold in place the two bar-shaped specimens during the 
bonding process of the zirconia bars groups. After that, the framework plate was placed in 
the bonding jig and then the adhesive resin cement (3M RelyX™ Ultimate) was injected 
to fill the whole bonding area between the framework plate and veneer plate. The veneer 
plates were secured in place above the framework plate inside the jig, bonded 
framework/veneer plates inside the jig (Figure 30) were kept under a static load of 30 N (3 
kg) for 10 minutes in a loading apparatus (Figure 13). A light cure for 3-4 seconds was 
done using a Bluephase 20i light cure unit, then using a plastic instrument to remove any 
excess cement around the edges. Afterward, a full cure of 20 seconds was applied using a 
Bluephase 20i light cure unit (Ivoclar, Vivadent, USA) on High mode, followed by waiting 
for six minutes for full setting of the adhesive cement before removing the bilayer bonded 
plates from the jig. For zirconia bar groups; they were bonded with PEEK and Enamic bars 
(Figure 30) using the same steps above but with specific handmade jigs that secured both 




Figure 28: Bonding process for framework/veneer plates. 
 
 
Figure 29: Bonded bilayer plates under load. 
 
45 
Figure 30: Zirconia bar groups to be bonded with PEEK and Enamic bar groups. 
2.2.2.1.5 Specimens preperation after bonding: 
Bonded bilayered plates (Enamic/MKII, MKII/Enamic, MKII/PEEK and 
Enamic/PEEK) were sectioned into bar-shaped specimens with dimension of 4 mm 
thickness, 4 mm width, and 17 mm length. Bars were fabricated using a diamond saw 
(BUEHLER Isomet 5000 precision saw) with a blade speed of 2000 rpm, blade thickness 
of 0.5 mm under running water (Figure 31). All specimens were placed in a 37-degree 
Incubator (Precision Economy Incubator, Precision Scientific, 5EM model, USA) for 24 




Figure 31: Bi-layer plates were sectioned into 4mm width bilayer bars. 
 
2.2.2.1.6 Thermocycling of bilayer bar specimens: 
 
 All 9 groups after bonding were subjected to a thermal aging process; all specimens 
were packed in a mesh bag (Figure 32) divided into 6 chambers, and then underwent 5,000 
thermocycles (between 5 and 55°C) with a 30-second dwell time in each water bath by 
using a thermocycling test apparatus (Sabri Dental Enterprises, USA). 
 




2.2.2.2  Flexural strength test: 
 
 In this study, 225 bilayer bar-shape spicimens were divided into 19 groups (n=12) 
according to bilayer material combinations (Figure 3). Half of the specimens were assigned 
to 9 groups that underwent thermal aging while the other 10 static groups did not undergo 
a thermal aging process.  
The three point bend test (flexural strength test) was performed on bilayar bar 
specimens using a 3-point bending device (15 mm span width) with different materials in 
tension (Table 7), on a computer controlled (Bluehill) universal testing machine (Instron 
Model 5566A) (Figure 20) at a cross-head speed of 1.0 mm/min. 
 
The flexural strength was calculated for the monolayer specimens (Enamic and 
Mark II only groups) according to Equation61: 
 





𝜎𝜎  -  is the flexural strength in (M𝑃𝑃𝑃𝑃). 
P   -   is the breaking load in (N). 
l   -   is the distance between centers of support rollers in (𝑚𝑚𝑚𝑚). 
w   -   is the width of the specimen in (𝑚𝑚𝑚𝑚). 
b   -   is the thickness or depth of the specimen in (𝑚𝑚𝑚𝑚). 
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𝜎𝜎𝜎𝜎 =   
3𝐸𝐸𝑡𝑡𝐿𝐿𝑃𝑃(𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐2 + 2𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑐𝑐 + 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡2)





𝜎𝜎𝜎𝜎   -   is the maximum center tensile stress in (M𝑃𝑃𝑃𝑃). 
l   -   is the distance between centers of support rollers in (𝑚𝑚𝑚𝑚). 
P  -   load at fracture in (N). 
𝐸𝐸𝑡𝑡  -  is the young modulus of material under tensile stress in (G𝑃𝑃𝑃𝑃). 
𝑡𝑡𝑡𝑡  -  is the height of the material under tensile stress in (𝑚𝑚𝑚𝑚). 
𝐸𝐸𝑐𝑐  -  is the young modulus of material under compressive stress in (𝐺𝐺𝑃𝑃𝑃𝑃). 
𝑡𝑡𝑐𝑐  -  is the height of the material under compressive stress in (𝑚𝑚𝑚𝑚). 







2.2.3 Scanning Electron Microscopy (SEM) 
 
The failure mode was examined using the SU6600 Hitachi field emission scanning 
electron microscope (FESEM) (Hitachi, Ltd., Chiyoda, Tokyo, Japan). It utilizes high-
energy beams of electrons to create a magnified image of the samples. The electrons and 
atoms of the specimen interact with each other, creating signals that display the surface 
composition and structure and the electrical conductivity of the sample. 
The specimens were washed in an ultrasonic bath (Quantrex® 140, L&R® 
Ultrasonics, Kearny, NJ) for 3 minutes with 70 percent isopropanol alcohol solution before 
being attached with double-sided electroconductive tape to an aluminum stub (Ted Pella). 
In order to increase the electrical conductivity of the Hummer 11 Sputter specimens 





Figure 33: Sputter coating of the samples to increase the electrical conductivity for 
SEM. 
 
2.2.4 Statistical Analysis: 
 
Descriptive statistics such shear bond strength, flexural strength, max load and 
mode of failures were indicated as mean and standard deviation (SD). The level of 
significance was set at p-value < 0.05. one-way ANOVA test was used to compare the 
means among the different groups. Tukey's test was also utilized to determine the 
significant differences among the groups tested. All statistical analyses were performed 
using JMP® Pro (Version 15.0.0 SAS Institute Inc., Cary, NC). 
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CHAPTER 3: RESULTS 
3.1 Shear Bond Test: 
Shear bond test in this study was performed to evaluate the bond strength of different 
framework and veneer material combinations, also to evaluate the effect of thermal aging 
on the shear bond strength of different framework and veneer material combinations. by 
using one-way and two-way ANOVA. 
The mean shear bond (MPa), standard deviations (SD), and coefficient of variance 
(CV) were calculated (Table 8).
Table 8: Mean (SBS. MPa) vs. Plate Material & Rod Material 
Plate Material Rod Material n Mean SD CV 
Enamic MKII 23 23.47 8.45 36.02 
PEEK Enamic 24 11.86 4.28 36.11 
PEEK MKII 22 11.13 3.38 30.34 
PEEK Zirconia 22 10.18 3.28 32.23 
Zirconia Enamic 24 22.75 8.21 36.09 
Zirconia MKII 23 21.66 6.89 31.83 
One-way ANOVA results shows a significant difference in shear bond strength 
between the group materials used, Enamic (framework) and MKII (Rod) materials 
produced the highest shear bond strength mean values (23.47 MPa) compared to other 
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groups, followed by the Zirconia group with Enamic (22.75 MPa) and MKII (21.66 MPa). 
The lowest shear bond strength mean values were recorded in PEEK groups with Enamic 
(11.86 MPa), MKII (11.14 MPa), and Zirconia (10.18 MPa) (Table 8). 
Figure 34: Graphic illustration of mean shear bond strength of the tested groups. 
There was a significant difference in SBS between control and treated (thermal 
cycle) group of Enamic/zirconia group (decrease in treated group than control group) 
where the mean was statistically equal 27.07 MPa to the control group and statistically 
equal 18.43 MPa to the treated group. On the other hand, Zirconia/PEEK group has mean 
statistically equal 12.05 MPa to the control group while statistically equal 8.62 MPa to the 
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treated group but there was no significant different in other groups where all P-values were 
more than significant level 0.05 (Table 9) (Figure 34) 
Table 9: Summary of means, standard errors, T-test for control and post-treated 
(thermal cycle) groups. 
SBS. MPa 
Group 
Control T/C treated t-test
Mean ± SD Mean ± SD t P-value
En/PEEK 13.46 ± 4.05 10.25 ± 4.05 -1.940 0.065 
En/Zr 27.07 ± 7.08 18.43 ± 7.08 -2.989 0.006*
MKII/En 21.59 ± 8.82 25.201 ± 8.45 1.023 0.318 
MKII/PEEK 11.98 ± 3.49 10.291 ± 3.49 -1.189 0.249 
MKII/Zr 23.02 ± 6.90 20.175 ± 7.20 -0.989 0.334 
Zr/PEEK 12.05 ± 3.12 8.627 ± 2.84 -2.811 0.011*
(En= Enamic, Zr= Zirconia) 
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Figure 35: Actual whole model of SBS of all materials groups by predicted plot 
(R2=0.55, p-value<0.0001) 
Table 10: Effect summary table of post-treatment on SBS for all groups of the whole 
model 
Source LogWorth PValue 
Group 17.506 0.00000 









   
    
    




Figure 36: Actual Whole model of SBS of all groups after surface treatments by 





SBS groups of (En/Zr), (MK/EN), and (MKII/Zr) show significance difference in 
SBS values higher than PEEK groups (En/PEEK, MKII/PEEK, and Zr/PEEK) as shown in 




Figure 37: Use of different material groups effect on SBS values. 
 
Table 11: Connecting letters report for comparing different group materials on SBS 
values among all groups using Tukey-Kramer HSD 
Level Letter    Least Sq Mean 
MKII/En A    23.39 
En/Zr A    22.75 
MKII/Zr A    21.59 
En/PEEK   B  11.86 
MKII/PEEK   B  11.13 
Zr/PEEK   B  10.34 
Levels not connected by same letter are significantly different. 
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In general, significance difference was observed between control and T/C treated 
(thermal cycle) groups where the effect of thermal-cycling decreased the SBS values in 
comparison to the control groups as shown in (Figure 38) (Table 12). 
Figure 38: Effect of T/C treated groups on SBS values. 
Table 12: Connecting letters report for the effect of thermal aging treatment on SBS 
values among all groups using Tukey-Kramer HSD 
Level Letter Least Sq Mean 
Control A 18.19 
T/C Treated B 15.49 
Levels not connected by same letter are significantly different. 
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Figure 39 reveals that En/Zr, MKII/Zr, and MKII/En groups show similar behavior 
patterns (higher SBS mean levels) in regarding control and thermal cycling groups in 
comparison to PEEK groups. on the other hand, groups of En/PEEK, MKII/PEEK, and 
Zr/PEEK share a different pattern with low SBS mean in comparison to other tested groups 
(Table 13). 
Figure 39 : Correlation between control and post-treatment (thermal 





Table 13: Connecting letters report for post-treatment effect on SBS values among 
all groups using Tukey-Kramer HSD 
Level Letter    
Least Sq Mean 
(MPa)  
En/Zr, Control A      27.07 
MKII/En, T/C treated A B     25.20 
MKII/Zr, Control A B     23.02 
MKII/En, Control A B C    21.59 
MKII/Zr, T/C treated A B C D   20.17 
En/Zr, T/C treated  B C D E  18.43 
En/PEEK, Control   C D E F 13.46 
Zr/PEEK, Control    D E F 12.05 
MKII/PEEK Control    D E F 11.98 
MKII/PEEK, T/C treated     E F 10.29 
En/PEEK, T/C treated      F 10.25 
Zr/PEEK, T/C treated      F 8.62 





Table 14 shows a significant effect of different groups on SBS means where SBS 
mean increased in Enamic/Zirconia group 22.75 MPa, MKII/En group 23.47 MPa and 
MKII/Zr group 21.66 MPa than groups of En/PEEK 11.86 MPa, MKII/PEEK 11.13MPa, 
and Zr/PEEK 10.18 MPa, that showed a significant difference between whole control 
group and treated (thermocycled) group (decreased in treated than control group) where 
F=7.273 and P-value=0.008 and there was a significant interaction between groups and 
post treated where F=2.609 and P-value=0.028 (Figure 40). 
 
Table 14: Summary table comparing the whole groups, control, and post-treatment 
groups on SBS values using Tukey-Kramer HSD 
2-way ANOVA 
SBS. MPa 
Tukey Control T/C treated Whole 
Mean ± SD Mean ± SD Mean ± SD 
En/PEEK 13.46 ± 4.02 10.25 ± 4.02 11.86 ± 5.68 B 
En/Zr 27.07 ± 7.07 18.43 ± 7.07 22.75 ± 9.99 A 
MKII/En 21.59 ± 8.80 25.20 ± 8.42 23.47 ± 11.90 A 
MKII/PEEK 11.98 ± 3.46 10.29 ± 3.46 11.13 ± 4.90 B 
MKII/Zr 23.02 ± 6.89 20.17 ± 7.21 21.66 ± 10.19 A 
ZrPEEK 12.05 ± 3.12 8.62 ± 2.84 10.18 ± 4.02 B 
























 For SBS specimens, 144 specimens were analyzed after testing to evaluate the 
mode of failure of each specimen. The mode of failure was divided into 3 categories (Figure 
41): adhesive, cohesive, and adhesive-cohesive (mixed). All specimens were observed 
using a digital camera system (Nikon D7000, USA) to observe the mode of failure among 
SBS groups. Where adhesive failure represents failure at interface of adhesive and 
substrate, while cohesive failure represents failure within the substrate (framework/veneer 
or within the adhesive), and adhesive-cohesive (mixed) failure represents combination of 






Figure 41: Mode of failures for SBS (Source: Instron, ASTM D1002 Lap Shear 
Testing of Adhesively Bonded Materials) 
 
 Table (15) and Figure (42) show a significant difference between groups regarding 
the failure mode, all groups of En/PEEK,  MKII/PEEK, and Zr/PEEK showed adhesive 
mode of failure, while the group of  MKII/En and En/Zr showed cohesive mode failure 
while the group of MKII/Zr showed only three samples with 13% (adhesive-cohesive) and 
20 samples with 87% cohesive failure (Figure 44, 45). 
 





Cohesive adh-cohesive Adhesive 
N % N % N % N % 
En/PEEK 0 0.0% 0 0.0% 24 100.0% 24 100.0% 
En/Zr 24 100.0% 0 0.0% 24 0.0% 24 100.0% 
MKII/En 23 100.0% 0 0.0% 0 0.0% 23 100.0% 
MKII/PEEK 0 0.0% 0 0.0% 24 100.0% 24 100.0% 
MKII/Zr 20 87.0% 3 13.0% 0 0.0% 23 100.0% 
Zr/PEEK 0 0.0% 0 0.0% 24 100.0% 24 100.0% 











Figure 42: Failure mode among all tested SBS groups where X2= 135.986 and P-




Table 16 and Figure 43 show no significant difference between control groups and 
treated groups (thermal aged) regarding the failure mode in SBS. In control groups, we 
found 11 specimens with 15.7% were a cohesive failure, three with 4.3% were adh-
cohesive (mixed), and 56 with 80% were adhesive. Still, in the treated groups, they showed 
12 specimens with 17.1% were cohesive, no specimens were adh-cohesive (mixed), and 












En/PEEK En/Zr MKII/En MKII/PEEK MKII/Zr Zr/PEEK









Control T/C treated 
N % N % N % 
Cohesive 11 15.7% 12 17.1% 23 16.4% 
adh-cohesive 3 4.3% 0 0.0% 3 2.1% 
Adhesive 56 80.0% 58 82.9% 114 81.4% 
Total 70 100.0% 70 100.0% 140 100.0% 
 Chi-
square  





Figure 43: Failure mode between control and treated SBS groups X2=4.237 and P-













Figure 44: Adhesive failures shown in the above failed SBS specimens ( where 
picture with letter a, d, g, and j represent PEEK/EN group, picture b, c, e, k, and l 
represent Zr/EN group, and picture h, I, m represent PEEK/MKII group 
 
Figure 45: Cohesive and mixed failures among En/MKII groups where pictures a-j 
show EN/MKII after thermocycling, pictures k-q show EN/MKII group as control 





3.2 Flexural Strength test:  
 
Tables (17,18) and figures (46,47) show a significant difference between all groups 
regarding FS Bilayer (MPa), and we found from comparisons for all pairs showed no significant 
between MKII/Zr and En/Zr (p > 0.05 with a same letter) and there was a significant difference 
with other groups (different letters). There was no significant difference between En Mono, 
En/MKII, MKII Mono, MKII/En and PEEK Mono (B), these groups showed significant difference 
with other groups (different letters) and so on. Also, there was no significant difference between 
En/PEEK, MKII/PEEK and Zr/PEEK (D) and they showed significant difference with other 
groups (different letters). 
 
Table 17: Comparison between all groups regarding flexural strength bilayer (MPa) 
(pooling the whole sample size per group) 
Level N 
FS Bilayer, MPa Comparisons for all 
pairs using Tukey-
Kramer HSD 
Mean ± SD 
En Mono 24 134.88 ± 19.32 BC 
En/MKII 24 120.34 ± 21.15 BC 
En/PEEK 24 93.93 ± 19.11 CD 
En/Zr 23 634.92 ± 134.33 A 
MKII Mono 24 116.79 ± 7.60 BC 
MKII/En 24 139.36 ± 9.97 BC 
MKII/PEEK 24 41.65 ± 5.77 D 
MKII/Zr 24 598.67 ± 131.12 A 
PEEK Mono 10 173.61 ± 5.87 B 











Figure 47: Different materials on tension and compression (different groups) significance 





Table 18: Connecting letters report for flexural strength of different materials among all 
groups. 
 
Level Letter   Mean (MPa) 
En/Zr A      634.91 
MKII/Zr A      598.76 
PEEK mono  B     173.61 
MKII/En  B C    139.36 
Enamic mono  B C    134.88 
Enamic/MKII  B C    120.34 
MKII mono  B C    116.79 
En/PEEK   C D   93.93 
MKII/PEEK    D   41.65 
Zr/PEEK    D   39.50 
Levels not connected by same letter are significantly different 
 
Table (19, 20) and figure (48, 49) show a significant difference between all groups 
regarding Max Load (N). From comparisons, there was a significant difference between MKII/Zr 




difference between En/PEEK and En Mono, and no significant difference between En Mono, 
En/MKII, MKII Mono, MKII/PEEK and PEEK Mono (same letter E). 
 
Table 19: Comparison between all groups regarding Max Load, N 
 Number Mean ± SD 
Comparisons for all 
pairs using Tukey-
Kramer HSD 
En Mono 24 371.34 ± 60.06 DE 
En/MKII 24 293.26 ± 28.40 E 
En/PEEK 24 502.19 ± 96.38 D 
En/Zr 23 1227.48 ± 236.32 B 
MKII Mono 24 355.41 ± 41.43 E 
MKII/En 24 506.65 ± 50.59 D 
MKII/PEEK 24 328.63 ± 54.67 E 
MKII/Zr 24 1397.90 ± 353.58 A 
PEEK Mono 10 291.30 ± 40.41 E 










Figure 48: Graphic illustration of comparison between all groups regarding Max load (N) 
 
 







Table 20: Connecting letters report for Max load on different materials among all groups. 
Level Letter  Mean (N) 
MKII/Zr A      1397.89 
En/Zr  B     1227.47 
Zr/PEEK   C    722.67 
MKII/En    D   506.64 
En/PEEK    D   502.19 
Enamic mono    D E  371.34 
MKII mono     E  355.40 
MKII/PEEK     E  328.62 
En/MKII     E  293.25 
PEEK mono     E  291.30 
Levels not connected by same letter are significantly different 
 
There was a significant difference of flexural strength between control and treated group 
(thermocycling) in En/Zr group (increased in treated group than control group ), where the mean 
was statistically equal to 553.96 MPa in control group, while in treated group was statistically 




and treated group (significant decrease in treated group than the control group), where the mean 
was statistically equal to 670.59 MPa in the control group. In contrast, it was statistically equal to 
526.75 MPa in the treated group. But there was no significant difference among other groups where 
all P-values were more than the significant level of 0.05 (Table 21) (Figure 50). 
 
 
Table 21: Comparison between control group and T/C treated (thermocycle) group 
regarding FS Bilayer (MPa). 
  
FS Bilayer, MPa  t-test 
 Control  T/C treated  
n Mean ± SD n Mean ± SD t P-value 
En Mono 12 128.59 ± 18.64 12 141.17 ± 18.64 1.653 0.113 
En/MKII 12 122.16 ± 21.51 12 118.51 ± 21.51 -0.415 0.682 
En/PEEK 12 88.84 ± 18.81 12 99.02 ± 18.81 1.326 0.198 
En/Zr 12 553.96 ± 115.94 12 709.12 ± 110.99 3.348 0.003* 
MKII Mono 12 115.33 ± 7.62 12 118.25 ± 7.62 0.939 0.358 
MKII/En 12 139.64 ± 10.18 12 139.08 ± 10.18 -0.137 0.892 
MKII/PEEK 12 40.06 ± 5.65 12 43.24 ± 5.65 1.372 0.184 
Zr/PEEK 12 42.02 ± 6.55 12 36.98 ± 6.55 -1.877 0.074 








Figure 50: Graphic illustration of flexural strength bilayer means (MPa) for control and 




Enamic/Zirconia group showed a significant difference of Max load (N) between the 
control and the treated group (significant increase in the treated group than the control group), 
where the mean was equal to 1103.18 N in the control group while equal to 1341.42 N in the 
treated group. Also, there was a significant increase in the control group than the treated group in 
Zr/PEEK group, as the mean was equal to 784.09 N in the control group, where it was equal to 
661.25 N in the treated group. There was no significant difference among other groups where all 





Table 22: Comparison between control group and T/C treated (thermocycle) group 
regarding the Max load (N) 
 Groups 
(12/group) 
Max Load, N 
t-test 
Control T/C treated 
Mean ± SD Mean ± SD t P-value 
En Mono 356.64 ± 59.44 386.04 ± 59.44 1.211 0.238 
En/MKII 291.97 ± 28.99 294.53 ± 28.99 0.216 0.831 
En/PEEK 489.45 ± 97.62 514.92 ± 97.62 0.639 0.529 
En/Zr 1103.18 ± 216.54 1341.42 ± 207.33 2.753 0.012* 
MKII Mono 336.04 ± 37.20 374.76 ± 37.20 2.548 0.018 
MKII/En 495.58 ± 50.40 517.71 ± 50.40 1.075 0.294 
MKII/PEEK 313.66 ± 53.66 343.58 ± 53.66 1.365 0.186 
Zr/PEEK 784.09 ± 122.14 661.25 ± 122.14 -2.463 0.022* 
MKII/Zr 1585.55 ± 329.19 1210.24 ± 276.02 -1.372 0.184 
(En= Enamic, Zr= Zirconia) 
 
 
Figure 51: Graphic illustration show a comparison of the Max load (N) means between 





Table (23) and Figure (52) show a significant difference between groups regarding the 
failure mode, all groups of En/MKII, En/Zr, MKII/En and MKII/Zr had a cohesive failure, whereas 
all group of MKII/PEEK were delaminated. On the other hand, the group of En/PEEK were only 
two failed with 8.33% (Adhesive) and 9 failed with 37.50% Cohesive and 13 failed with 54.17% 
were delaminated (Figure 53, 54). 
 
 




Adhesive Cohesive Delaminated 
N % N % N % N % 
En/MKII 0 0.00 24 100.00 0 0.00 24 100.00 
En/PEEK 2 8.33 9 37.50 13 54.17 24 100.00 
En/Zr 0 0.00 23 100.00 0 0.00 23 100.00 
MKII/En 0 0.00 24 100.00 0 0.00 24 100.00 
MKII/PEEK 0 0.00 0 0.00 24 100.00 24 100.00 
MKII/Zr 0 0.00 24 100.00 0 0.00 24 100.00 
Zr/PEEK 0 0.00 21 87.50 3 12.50 24 100.00 
 Chi-
square  
χ 2 142.828 
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Figure 53: Failed bilayer bar specimens with cohesive mode of failure where picture a and 
c represent EN/Zr group, pictures b and d represent Zr/PEEK group, pictures e, i, h, j, k 








Figure 54: Failed bilayer bar specimens with delamination and cohesive failure (pictures n, 
o represents MKII/Zr, picture m represents MKII/Zr (thermocycling), picture l represents 
Zr/PEEK, pictures d, e, f, g, h, I, j, and k represents MKII/PEEK, picture b and c show 
EN/PEEK, while picture a represents EN/PEEK (thermocycling) 
 
 
Table (24) and Figure (55) show no significant difference between groups (Control groups 
and treated groups) regarding the mode of Failure among flexural strength groups. In control 
groups, we found 64 samples failed with 77.1% Cohesive, and 19 failed with 22.9% were 
Delaminated, but in the treated group we found 2 samples failed with 2.4% Adhesive, 61 samples 





Table 24: Comparison between all control groups and treated (thermocycle) groups 




Control Treated (thermocycle) 
N % N % N % 
Adhesive 0 0.0% 2 2.4% 2 1.2% 
Cohesive 64 77.1% 61 72.6% 125 74.9% 
Delaminated 19 22.9% 21 25.0% 40 24.0% 
Total 83 100.0% 84 100.0% 167 100.0% 
 Chi-
square  






Figure 55: Graphic illustration show failure modes between control and treated 
















The failure mode analysis was done on 167 bilayer specimens, each specimen was 
inspected carefully to determine the mode of failure; additional specimens’ photos by digital 
camera (Nikon D7000, USA) were taken to record the failure mode among the tested groups.  
Selected specimens from each group were chosen to analyze the mode of failure using the SU6600 
Hitachi field emission scanning electron microscope (FESEM) (Hitachi, Ltd., Chiyoda, Tokyo, 







Figure 56: Fractured surface of bilayer bar (Enamic on compression/MKII on 

















Crack in Enamic 





Figure 57: Fractured surface of bilayer bar (MKII on compression/Enamic on 
tension), Cohesive Failure. 
Figure 58: Fractured surface of bilayer bar (Enamic on compression/Zirconia on 


























Figure 59: Fractured surface of bilayer bar (Enamic on compression/PEEK on 
tension), Cohesive Failure. 
Figure 60: Fractured surface of bilayer bar (Zirconia on compression/PEEK on 






























Figure 62: Delaminated failure of Bilayer bar (MKII on 










Figure 63: Arrows show the adhesive interface between MKII (compression) and PEEK 
(tension) in a delaminated failure 
 





CHAPTER 4: DISCUSSION 
 
4.1 Shear bond strength: 
 The shear bond strength (SBS) and tensile tests are the most common test methods for 
measuring the adhesive bond strength. The benefits of the SBS test are easy to use and may 
represent strength in oral conditions of specimens.58  In the current study, SBS test was performed 
to assess the bond strength between framework and veneering materials, as it was frequently 
reported for the assessment of resin-based materials' adhesion ability.  In addition, this test required 
simple preparation of specimens and could be performed easily. Various factors may affect the 
bonding success between materials and, as a result, the shear bond strength values. These factors 
include material surface topography, surface treatment before bonding, storage conditions, type of 
substrate, rate of load application and the adhesive system used. In this in-vitro study, different 
material combinations, standardized surface treatment preparation for each material, and a single 
adhesive system were used. In addition, thermal aging was conducted to evaluate the bond 
strength. 
 This study investigates the adhesion of Polyetheretherketone (PEEK) frameworks with 
three different rod materials: Vita Enamic, Mark II, and Zirconia. Also, other framework and rod 
materials were bonded to compare the shear bond strength values as well. The results of this study 
showed significant differences in the shear bond strength values of different material combinations 
with and without thermocycling. This led to rejection of the null hypothesis. 
 Examination of the material combinations used, Enamic (framework) and MKII (veneer) 
produced the highest shear bond strength values (23.47 MPa) compared to other groups, followed 




strength values were recorded in PEEK groups with Enamic (11.86 MPa), MKII (11.14 MPa), and 
Zirconia (10.18 MPa). 
The effect of materials selection on SBS values was significant between the three PEEK 
groups compared to the other two groups of Zirconia and Enamic frameworks. Many factors can 
contribute to such result such as the PEEK hydrophobic surface and low surface energy. The 
adhesion of PEEK to resin-matrix composites remains a problem concerning the long-term 
performance of PEEK-based restorative frameworks.59 Therefore, adequate PEEK surface 
roughness is required in the bonding process to ensure good mechanical retention.60 Previous 
studies have shown that the rise in the surface area achieved by the abrasion of airborne particles 
and adhesive systems containing methyl methacrylate (MMA) contributes to an enhancement in 
the bonding properties of PEEK.61 In this study, surface treatment was done using airborne 
abrasion with 50 μm Al2O3 at a pressure of 2.5 bar on PEEK and zirconia frameworks. In contrast, 
Vita Enamic and Mark II frameworks were conditioned using 5 % hydrofluoric acid etch gel. The 
adhesive system used in this whole study setup was RelyX Ultimate resin and Universal 
Scotchbond adhesive primer.  
The selection of surface treatment and adhesive primer was based on my study design, 
materials used in this study, and previous studies implemented that selection. BUNZ et al.62 
concluded that Luxatemp Glaze & Bond and Schotchbond Universal can be suggested as 
promising methods of bonding to PEEK after air abrasion. Furthermore, using a universal primer 
is beneficial due to the variety of framework and veneer materials used in this study. Preliminary 
testing in this study was done using different adhesive primers for selection purpose, the results 
on PEEK/MKII showed a slight higher SBS with Scotchbond Universal (7.46 MPa) than Visio.link 




adhesive primer was chosen in this study to be applied among all groups due to its higher bonding 
properties (one bottle system) and more standardized results. It is also possible to improve the 
adhesion by the immediate interaction of the PEEK surface with dimethacrylate.61 Besides, it is 
likewise possible that Scotchbond Universal contains different substances that are from one 
perspective not named by the maker and then again not known at this point to elevate the bond 
with air-abraded PEEK surfaces.61 Scotchbond Universal is a universal adhesive for all restoration 
materials which was originally and theoretically formed. It contains a single bottle of 10-
methacryloyloxydecyl dihydrogen phosphate (MDP) monomer and silane and additional 
dimethacrylate.61 Another adhesive primer in previous studies such as Visio.link recorded higher 
tensile bond strength values than other adhesives but concluded that Scotchbond universal after 
air-abrasion with low pressure showed high tensile bond strength compared to Visio.link values.61
 This study showed significantly lower shear bond strength mean values of PEEK groups 
(10.18-11.86 MPa) than other material groups (21.66-23.47 MPa). These results show that all SBS 
values were above 5 MPa, so all test samples followed ISO 1047763 minimum acceptable SBS 
values.64 Nevertheless, in oral conditions, the minimum clinical SBS amount of resin material 
measured 10 to 12 MPa.64 Many factors play an essential role in PEEK material's bonding strength 
properties, such as surface topography nature, type of surface treatment, and adhesive system used 
with PEEK material.  Earlier studies found a considerable rise in air-abraded SBS values relative 
to untreated PEEK due to surface morphology changes.64–66 A basic surface treatment technique 
is sandblasting. Eliminating organic contaminants from the material's surface, allows for higher 
roughness, produces a new and useful surface layer and advances micromechanical interlocking 




Rosentritt et al.14 stated that pre-treatment surface roughening by itself is not critical to 
preserving stable bonding between resin cement and surface PEEK. Moreover, they argued that 
surface topography and surface conditioning were more crucial than surface roughening for 
bonding.14 Primers and bonding systems for metal, ceramic, or resin typically exhibit different 
compositions, but ceramic or metal systems were not anticipated to guarantee adequate bonding 
to PEEK.14 The surface roughness of different types of PEEK may have an influence on the SBS 
values. Bötel F et al.67 investigated the effect of different kinds of low-pressure plasma surface 
treatment on shear bond strength of other PEEK materials; they found that all plasma treatments 
have a positive impact on the SBS in comparison with control groups. Three types of PEEK 
materials were tested;  Unfilled grey color Juvora Dental Disk (Invibio Ltd., Lancashire, UK), DC 
4420 (Evonik Industries AG, Essen, Germany); filled with 20% TiO2 powder, white color, and DC 
4450 (Evonik Industries, Essen, Germany), filled with 20% TiO2 powder and 1% pigment, beige 
color. They concluded that SBS values were the lowest on Juvora compared to DC4420 and 
DC4450, since among the PEEK types, Juvora also showed the lowest surface roughness values.67 
In the present study, unfilled PEEK (Juvora) was used and showed the lowest SBS values 
compared to other groups. 
Stawarczyk et al61 observed that within a few minutes after air abrasion pretreatment, the 
surface properties of PEEK was modified. After the air abrasion process, a longer waiting time led 
to lower tensile bond strength (TBS) than specimens that had been veneered directly after 
pretreatment. Surface moisture may be one causative factor for this finding. Air abrasion leads to 
high temperatures on PEEK surface, particularly with high pressures, and the surface is also 
exposed to a very dry air stream. The surface attracts atmospheric moisture again after some time. 




bonding strength. Therefore, the experiment was then stopped, and every specimen was instantly 
air-abraded, conditioned, and veneered. Stawarczyk et al61 concluded that one significant factor, 
which should be taken into account in order to achieve strong bonding properties on any air-
abraded PEEK surface, is an instantaneous and continual workflow with respect to the steps of 
pretreatment, conditioning, and veneering.61 In future studies, the recommendations by 
Stawarczyk et al61  should be taken into accounts to ensure continuous workflow while conducting 
the bonding process of PEEK materials. 
 In our study, half of SBS specimens (N=72) were aged consisting of 5000 thermal cycles 
(5/55 °C; dwell time, 30 s) thermocycling, which would be around 4-5 years of clinical service.58 
In long-term predictability, the impact of thermocycling on the SBS of veneering resin on PEEK 
materials plays a significant role, as intraoral thermal changes can be easily simulated using the 
thermal cycling process.58 The results of the current study showed no significant difference 
between control and post-treatment in all groups, except for the zirconia framework and Enamic 
veneer group, showing a significant decrease in post-treatment SBS mean (18.43 MPa) over the 
control group (27.07 MPa). This might be explained by the effect of water during thermal cycling, 
where it acts as plasticizer that could degrade the network of polymers. It is able to weaken the 
filling interface directly by breaking down the silane-filler interface's chemical bonds and filling 
particle surfaces.68 Often known to weaken resin-base materials are high or elevated 
temperatures.68 This will impact the interface bond strength and will lower the shear bond values. 
Another explanation for lowering the shear bond strength might be attributed to the difference in 
Coefficient of thermal expansion (CTE) between Enamic (veneer) and zirconia (framework). 
Juntavee et al.69 in their study concluded that the difference in CTE between zirconia and veneering 




the zirconia CTE, this can lead to residual stress accumulation that causes cracks during ceramic 
cooling, resulting in tensile stress directly outward and perpendicular to the veneering ceramics, 
along with reducing the strength of the shear bond.69 
For all SBS test groups, the fracture analysis showed that the modes of failure were 
adhesive, cohesive and mixed. It was found that the amount of fracturing of the substructure is 
also representative of the strength of the retentive adhesive.19 Thus, the observed failure mode 
supports the outcome of the bond strength values obtained in this study. In addition, at the time of 
the loading process, the frequency of mixed and cohesive failures may be attributed to the unequal 
distribution of stress at the bonding interface.19 It was reported that adhesive failures were the most 
frequent failure mode due to the bond strength of the material with the luting cement was not 
sufficiently high.19 Following the previous report, the mode of failure analysis for the present study 
as adhesive failure was the primary mode of failure among all classes. In Enamic and zirconia 
groups, the mode of failure was cohesive and mixed failure due to high bond strength in the 
interface with Enamic and zirconia groups. The results are supported by the failure patterns, 
indicating a shift from adhesive to mix failure when the bond strength was increased.58 
4.2 Bilayer Flexural Strength and load to failure: 
 This study was designed to assess the flexural strength of PEEK polymer compared to the 
other ceramic materials widely used in prosthodontic treatments, since flexural strength is a key 
parameter for dental prosthetic frameworks.70 This study designed to fabricate bilayer bars of 
different materials bonded together, then the bilayer flexural strength and load to failure were 




The results of this study show a significant difference of flexural strength (FS) values for 
Zirconia bilayer groups higher with Enamic (634.92 MPa) and MKII (598.67 MPa) in comparison 
with FS bilayer values of other groups (PEEK/EN,Zr,MKII, EN/MKII, MKII/EN and monolayer 
groups). Also, there is a significant difference of load to failure values of Zirconia groups with 
Enamic (1227.48 N) and MKII (1397.90 N) in comparison with another load to failure values of 
the remaining groups. The reason behind this significant difference is due to the high flexural 
strength value of Zirconia material, which was the tension part in the different group. During Borba 
et al.71 research, they concluded that the material under tension impacted the flexural strength and 
the failure mode of the experimental classes, supporting their study hypothesis.  The results in the 
present study rejected the null hypothesis that there is no effect of using different bilayer material 
combination on the flexural strength and failure load of the final restoration. Also, in this study 
thermocycling of different bilayer material combinations have no effect on the flexural strength 
and failure load except for Zr/MKII and Zr/En groups.  
Regarding the results of the bilayer PEEK groups (on tension), we noticed a significant 
higher FS bilayer value with Enamic on compression (93.93 MPa) than the other two materials: 
MKII (41.65 MPa) and Zirconia (39.51 MPa) on compression. The three PEEK groups show the 
lowest bilayer FS values among the tested groups as well as the load to failure values with Zr 
(722.67 N), Enamic (502.19 N), and MKII (328.63 N). PEEK has an elastic modulus of 4.0 GPa 
as a framework.71 Taufall et al.71 stated that the elastic modulus of the veneering materials studied 
might also impact the load-bearing capacity. Having a lower elastic modulus of materials on 
tension combined with a significantly higher elastic modulus of materials on compression will 
affect the bilayer FS value and result in a low bilayer flexural strength value using the bilayer 




In comparison, the group with Enamic on compression had 13 samples with delamination 
failure while 11 samples with mixed failures. The last PEEK group with Zirconia on compression, 
showed 21 samples with cohesive failures while three samples with delamination.  Multiple 
considerations will affect the cause and mode of fracture (e.g., test method, core-to-porcelain ratio, 
technical characteristics, processing residual stresses, impact on the environment, and interfacial 
toughness).71 All those considerations are critical and will affect the fracture mode. For Example, 
a previous study stated that resin cements will affect the mode of failure due to lower elastic 
modulus than the bilayer ceramic system, it will decrease the load capacity of Y-TZP on the brittle 
veneer layer, resulting in the distribution of stress only in the loading region of the veneer and not 
in the entire framework/veneer surface.73 This might explain the mode of failure in some groups 
of my study, where adhesive and delamination failures occurred due to stress concentrated in the 
adhesive interface layer of the bilayer system. More studies concluded that besides veneer 
chipping, ceramic structures might experience a poor interfacial adhesion between the structures, 
which can lead to delamination of the veneer layer.3,74 The adhesive and delamination failures with 
PEEK groups are due to weakness in the bond strength in the interface between the bilayer 
materials. Liu et al.75 found that porcelain delamination for Y-TZP bilayer samples were due to 
the different in the mechanical properties of the bilayer ceramic system, specially the difference in 
the flexural strength. They proposed to prevent delamination to increase the flexural strength of 
the veneer porcelain to above 300 MPa.75 
Schwitalla et al.76 found that PEEK's elasticity modulus ranged from 2.73 GPa for an 
infilled brand to 47.27 GPa for PEEK reinforced carbon fiber. The flexural strength of the PEEK 
polymer ranges from 170.37 MPa to 1009.63 MPa (reinforced PEEK).76 The PEEK monolayer 




the values of the previous research. Stawarczyk et al.77 in their study, found that PEEK properties 
like flexural strength could be changed according to the composition of the material by the 
manufacturer and the manufacturing process of PEEK materials. They found that the fixed dental 
prosthesis (FDP’s) fabricated from pre-pressed CAD/CAM and FDP’s pressed from pellet PEEK 
fractured at the pontic area, while FDP’s pressed from granular PEEK displayed a plastic 
deformation without complete fracture. Moreover, they found that pre-pressing of PEEK  
blanks/pellets reduce PEEK elastic deformability as well as increasing the flexural strength of the 
material.77 In this study, the PEEK monolayer during the 3-point bend test exhibited plastic 
deformation without complete fracture; this outcome agreed with Stawarczyk et al.77 study.  
The failure mode of bilayer materials is also affected by the substrate materials which has 
a strong impact on damage process from initiation to complete failure in the bilayer systems. 
However, in systems with a strongly bonded interface and a minor elastic-plastic mismatch 
(glass/glass-ceramic) crack initiation happened on top of the surface, while occurred at an internal 
interface in systems with broad elastic-plastic differences.74 Even though in bilayer ceramic 
structures, the core/veneer thickness relation is a dominant factor that influences the failure site 
initiation. The cone crack start site is shifted from veneer to framework as the ratio between tc 
(thickness of material on compression) and tt  (thickness of material on tension) increases in , but 
the rise in the supporting framework elastic modulus has not affected the crack initiation site.78 
The ratio of core/veneer thickness in the present study was constant of 1:1, but the difference in 
elastic modulus between frameworks and veneers and bond strength caused different failure modes 
and affect the crack initiation in the bilayer system.  
According to the load to failure in this study, as mentioned earlier the zirconia groups with 




PEEK bilayer groups on the other hand, showed lower values (502.19 – 722.67 N) in comparison 
to Zirconia groups. However, PEEK monolayer in my study showed load to failure mean value of 
291.30 N. Previous studies showed a maximum biting forces of 585 to 967 N in the oral cavity 
influenced by gender, age, cranio-facial morphology, occlusal factors and other aspects.79 
Stawarczyk et al.77 found that the fracture strength of the 3-unit, fixed partial denture CAD-CAM 
PEEK (2354 N) was higher than the pressed PEEK granular dentures (1738 N). Nazari et al.80 
study, fabricated a 3-units FPD frameworks made of zirconia, Ni-Cr, and PEEK with a 3mm collar 
height in lingual and proximal surfaces. They designed the height of the crown to be 15mm, the 
thickness of the veneer 1.5mm in occlusal and 0.8mm in axial surfaces. They veneered the zirconia 
frameworks with Vita VM9 porcelain, the Ni-Cr framework with Vita VMK Master porcelain, and 
the PEEK framework with composite (Crea.lign). After applying of axial compressive load in the 
pontic area, they found that the mean fracture loads of zirconia, Ni-Cr and PEEK groups were as 
2086.31 N, 5591.74 N and 1430.47 N respectively. Regarding the CAD-CAM milled PEEK, the 
mean fracture load value was found to be 1383 N with flat occlusal surface of three-unit FDPs.80 
Barjini et al.70 in their study found that no effect of thermal cycling on base metal alloy or 
PEEK. Nevertheless, zirconia materials has been affected by thermal cycling where its flexural 
strength was decreased.70. Beuer et al.71 found that ceramics’ fracture strength was not affected 
mechanical and thermal aging. In this study, the effect of 5000 thermal cycles on flexural strength 
and failure load was not significant among tested groups, except on zirconia groups where it 
significantly increases the flexural strength of Zirconia/Enamic group without effect on failure 
load. The results were different after thermal cycling, where it increased the flexural strength in 
the treated group of En/Zr; this might be attributed to Vita Enamic as a polymer infiltrated material, 




resilience than other material, water sorption might affect the Enamic material. Another study 
showed an increase in the flexural strength of vita Enamic after water storage for 7 days in 37 °C 
incubator.81 Moreover, In this study the Enamic monolayer group showed higher flexural strength 
after thermal aging in comparison to control group which support the previous explanation as well. 
On the other hand, thermocycling significantly decreases the flexural strength and load to 
failure values of Zirconia/MKII group. The possible explanation behind a substantial decrease in 
the flexural strength of the Zr/MKII treated group after thermal cycling may be a decrease in the 
bond between zirconia and MKII by water absorption, which could cause filler-matrix deboning, 
softening of resins and even hydrolytic degradation of the filler.68 By applying the silane coupling 
agent in material processing, the interfacial bonding between the polymer and yttrium stabilized 
zirconia may not be strong enough and maybe the weakest point concerning materials strength 
properties.82 MKII showed that flexural strength is the lowest value as a monolayer material in this 
study. MKII is a porcelain that is brittle and less flexible than composites, which results in lower 
stress absorption potential under high load deformation.82 The flexural strength of the bilayer 
structure depends mainly on the material in tension3, and also the intermediate bond strength plays 
an important role in the mechanical properties of bilayer systems. 
Even though mechanical tests did not reach a high level of clinical simulation, they reflect 
a significant analysis parameter.83 In clinical use, the failure load is often more important than 
flexural strength as a minimum thicknesses of the material is needed to resist stress placed on the 
material intra-orally. For a good clinical prognosis of any all-ceramic FPD, the minimum failure 





Limitations of this study: 
 
This in-vitro study did not replicate the precise oral conditions while conducting the testing 
and effect of thermal aging. Multiple factors may be considered limitations for this study such 
as one adhesive system (primer/cement) was used while other systems are present. For PEEK 
groups, we used only one kind of PEEK-OPTIMA (unfilled) from Juvora, while other PEEK 
types (modified/filled) may lead to different results. Moreover, the surface treatment used in 
this study was limited to air-abrasion for zirconia and PEEK group while other type of 
treatments like plasma treatment (etching) or laser grooving may be beneficial to see the effect 
on adhesion, especially on PEEK. In this study, choosing flexural strength test (3-point test) to 
evaluate the mechanical properties of bilayer materials may be insufficient to know all 
information about the mechanical behavior of the bilayer system. Thermal aging was the only 
treatment used in this study, while cyclic fatigue may be a good option for prospective research 












Recommendations for Future Studies: 
 
1- Another study should be conducted using pre-machined CAD/CAM frameworks and 
veneers as bilayer structure then test the mechanical properties. 
2- Another study should be conducted using CAD/CAM milled crowns and 3-units fixed 
partial dentures in a set of machined veneers and copings then test the mechanical 
properties. 
3- Conduct an evaluation of use of different adhesive systems on the shear bond strength as 
well as mechanical properties. 
4- Conduct an evaluation of use of different surface treatment on PEEK material such as 
plasma, laser grooving, acid etching and different air abrasion pressure and evaluate the 
effect on PEEK adhesion. 
5- Conduct an evaluation of fatigue resistance of different milled bilayer crowns and 3-unit 
FPD combinations (PEEK, Enamic, Zirconia, MKII), as well as monolayer to compare the 
results.  
6- Conduct an evaluation of adhesive resin cement interface thickness between the bilayer 






CHAPTER 5: CONCLUSIONS 
 
Within the limitations of this in vitro study, the following conclusions can be drawn: 
1- There was a significant difference in shear bond strength of Enamic group (EN/MKII) 
followed by the Zirconia groups (Zr/En, Zr/MKII), then PEEK groups. 
2- PEEK groups showed a significant difference in shear bond strength values and were the 
lowest among all tested groups. 
3-  Thermal aging of SBS specimens did not show a significant difference among tested 
groups except for Zr/En group where thermal aging significantly decreases the SBS values 
over the control group. 
4- Shear bond strength to PEEK was significantly lower than other tested groups. 
5- Adhesive failure was the primary mode of failure among all SBS tested groups, Enamic 
and Zirconia groups showed mixed failure (adhesive-cohesive). 
6- There was a significant difference in bilayer flexural strength of Zirconia groups with 
Enamic and MKII (Zr/En, Zr/MKII) higher than other groups. 
7- PEEK groups (PEEK/EN, PEEK/MKII, PEEK/Zr) showed a significant difference in 
bilayer flexural strength and were the lowest among the tested groups. 
8- There was a significant difference of failure load of zirconia groups, Zr/MKII group was 
the highest among all tested groups, followed by Zr/En group. 
9- There was a significant difference of failure load between PEEK groups; where PEEK/Zr 
had the highest failure load, followed by PEEK/EN then PEEK/MKII which has the least 




10- Thermal aging of bilayer flexural strength specimens did not show a significant difference 
among tested groups except on zirconia groups where it significantly increases the flexural 
strength of Zirconia/Enamic group without effect on failure load. On the other hand, it 
significantly decreases the flexural strength and load to failure values of Zirconia/MKII 
group. 
11- Cohesive failure (complete fracture) was the main mode of failure among all bilayer tested 
groups, except for PEEK groups (PEEK/EN, PEEK/MKII) which showed delamination 
failures due to the weak adhesion of veneer materials with PEEK. 
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